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As a way to quantify the diffusion process of molecular compounds through biological membranes, we investigated in this study the dynamics
of DMSO through an 1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC) bilayer system. To properly account for the diffusion of DMSO due
to a concentration gradient, a double DPPC bilayer was setup for our simulations. In such configuration, the aqueous phases can be explicitly
associated with the extra and intracellular domains of the membrane, which is seldom the case in studies of single lipid bilayer due to the
periodicity imposed by the simulations. DMSO molecules were initially contained in one of the aqueous phases (extracellular region) at a
concentration of 5 wt.%. Molecular dynamics simulation was performed in this system for 95 ns at 350 K and 1 bar. The simulations showed that
although many DMSO molecules penetrated the lipid bilayer, only about 10% of them crossed the bilayer to reach the other aqueous phase
corresponding to the intracellular region of the membrane. The simulation time considered was insufficient to reach equilibrium of the DMSO
concentration between the aqueous phases. However, the simulations provided sufficient information to estimate parameters to apply Fick's Law
to model the diffusion process of the system. Using this model, we predicted that for the time considered in our simulation, the concentration of
DMSO in the intracellular domain should have been about half of the actual value obtained. The model also predicted that equilibrium of the
DMSO concentration in the system would be reached after about 2000 ns, approximately 20 times longer than the performed simulation.
© 2006 Elsevier B.V. All rights reserved.Keywords: Molecular dynamic; Double bilayer; Diffusion; Concentration gradient; DMSO; DPPC1. Introduction
There have been numerous studies and hypotheses on the
effectiveness of cryoprotectant agents based on their chemical
properties and their interactions with biological organisms.
Dimethylsulfoxide (DMSO) is the most common agent
currently used for enzyme and cell preservation at low
temperature along with naturally occurring stabilizing agents
such as disaccharides (e.g., trehalose and sucrose) [1–4]. In the
absence of disaccharides, DMSO alone exhibits many biologi-
cal functions such as inducing cell fusion [5], promoting cell
differentiation [6], and increasing cell permeability [7].
Although the usage of DMSO in therapeutic applications
remains controversial due to its toxicity at high concentration,
there have also been reports on the beneficial aspects of DMSO,
such as reduced anti-inflammatory response, analgesic effects⁎ Corresponding author.
E-mail address: asum@vt.edu (A.K. Sum).
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doi:10.1016/j.bbamem.2006.06.010[8], and anti-viral/bacterial activities [9]. For a better under-
standing of the cell preservation process, several investigations
of modeled cell membranes (phospholipid bilayers) in the
presence of DMSO have been studied experimentally [10–17]
and computationally [18–20]. A summary of these studies have
been discussed elsewhere [20].
In terms of the cell membrane complexity, there are several
theories and hypotheses that describe the mechanism by which
solute is transported across membranes. Overton et al. were the
first to correlate the permeability of membranes to the octanol/
water partition coefficient of the solute [21], which was later
found to deviate for small molecules, such as electrolytes [22].
Walter and Gutknecht showed that the permeation of electro-
lytes through membranes is inversely proportional to the
membrane permeability and molecular size [23]. This was
explained by the “soft polymer hypothesis” or “hopping
mechanism,” in which small molecules are able to diffuse
faster through the void regions of the lipid acyl chains [24]. As a
result, it was concluded that the diffusion process is heavily
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membrane.
Several investigations of model membranes in the presence
of a solute have been reported experimentally [25,26] and
computationally [27–29]. Dix et al. used NMR 13C relaxation
experiments to probe nitroxide derivatives in di-palmitoylle-
cithin liposomes and found that the permeation of small
molecules through the bilayer is the rate determining step in the
diffusion process [25]. DeYoung and Dill showed from NMR
experiments that the partitioning of benzene in DMPC and
DPPC bilayers is dependent upon the packing density of the
lipid tails, and that the transport properties significantly change
as molecules transverse through the bilayer [26]. McKinnon et
al. used MD simulations to investigate the diffusion of oxygen
in a hexadecane/cholesterol monolayer, and concluded that the
rate of diffusion increases with increasing cholesterol content
[27]. Kilimas et al. were the first to use MD simulations to
investigate the diffusion of benzene through DMPC and DPPC
bilayers [29]. Upon penetration of benzene into the bilayer, they
observed a slight change in the order parameter of the lipid tails
and obtained a reasonable estimate of the diffusion coefficient
for benzene through the bilayer, which compared favorably to
experimental results. Their results also supported the “hopping
mechanism” suggested by Lieb et al. [24].
Although the structural changes caused by DMSO on
phospholipid bilayers have been carefully investigated from a
molecular scale, the diffusive properties of DMSO in biological
membranes is less understood. In general, the diffusion process
for various types of molecular compounds usually occurs in
time-scales ranging from micro-seconds to days. Atomistic
simulations of this time-scale are a daunting task at present, as
they would require massive computational resources for
extensive periods of time. As a result, it remains a major
challenge to obtain accurate diffusional properties of molecular
compounds through model biological membranes by simulation
methods. Experimental studies coupled with macroscopic
diffusion models (Fick's Law of diffusion) remain as the main
approach for elucidating and quantifying diffusional processes.
Despite the advantages of using macroscopic modeling
equations, these are insufficient to provide detailed information
about the diffusion process due to the complex interactions of
molecular compounds with the membrane environment. The
molecular properties of DMSO, such as its hydrophobic and
hydrophilic properties and the localized active diffusion process
(breaking of the hydrogen-bond between DMSO and water to
cross the interfacial region), are not readily accessible, except
from molecular descriptions [30]. Therefore, molecular simula-
tions are needed to investigate how molecular compounds
interact with the bilayer structure in the diffusion process, which
in turn sheds greater insight into diffusional properties.
There has been only a selected number of simulations of
model biological membranes in the presence of DMSO [18–
20], and these have only addressed selected characteristics of
the bilayer structure. Paci and Marchi examined the transport of
a single DMSO molecule through a glycerolipid bilayer with
MD simulations [18]; their study showed DMSO diffusing
through the bilayer, locally modifying the membrane surface,and rapidly being expelled from the bilayer core. That study
investigated structural changes to the bilayer in the presence of
DMSO and excluded its diffusive properties. Smondyrev and
Berkowitz considered the properties of a DPPC bilayer in the
presence of pure DMSO [19]. Their results, in agreement to Paci
and Marchi [18], showed that DMSO did not extensively
diffuse through bilayers nor significantly modified the bilayer
surface in term of the area per headgroup. They also reported
that DMSO molecules remained underneath the DPPC head-
groups and some actually remained in the bilayer core region
during the 2 ns simulation. There was no concentration gradient
across the membrane in their study because the DPPC bilayer
was solvated by pure DMSO. In a recent study, Sum and de
Pablo were the first to consider the properties of lipid bilayers
with various DMSO concentrations using MD simulations [20].
Their findings showed that DMSO penetrated and diffused
through the bilayer and significantly increased the area per
headgroup of the bilayer over a wide range of concentrations.
Their results concluded that changes in the structure and
properties of the bilayer are mainly due to the indirect
interaction (induced dehydration) of DMSO with the interface
and to the direct interaction of DMSO with the inner bilayer
region.
Most simulations to date, equilibrium and transport proper-
ties have been studied considering a single lipid bilayer in
which, due to periodic boundary conditions, the aqueous phase
is usually connected in the direction normal to the bilayer plane.
In such case, a solute molecule in the aqueous phase may leave
the simulation box on one side and re-enter in the opposite side,
thus nullifying the diffusive effect using bilayer as a barrier. In
such configuration, one is unable to distinguish what would
realistically be the extra and intracellular environments and to
observe changes to the system caused by concentration
gradients. The latter is an important aspect in drug-design
since most drugs need to reach the intracellular domain to be
active. One approach to correct this shortcoming is to explicitly
consider a membrane with distinct regions that correspond to
the extra and intracellular environments, which can be obtained
with a double bilayer configuration. Double bilayers have been
employed sparingly in simulations mainly because they are
computationally expensive (system size is doubled). There are
two well-documented MD simulations of double bilayer
systems. Sachs et al. used a double lipid bilayer configuration
to investigate the penetration of ions through a bilayer, thus
creating a transmembrane potential gradient without having to
consider a continuum approximation [31]. In another study,
Gertovenko et al. used a double bilayer configuration to study
the interaction of salt ions with lipid species [32]; they imposed
various electrolyte compositions across the membrane, resulting
in asymmetric bilayer structure. Here, we present our MD
simulations of a double DPPC bilayer in the presence of DMSO
initially contained in one of the aqueous phases. This setup is
used to obtain a better understanding of the transmembrane
diffusive properties for a given concentration gradient in the
system. The simulations are complemented with an analysis of a
diffusive model describing the concentration profile in the
bilayer over time.
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Molecular dynamics simulations were performed on a system
containing a total of 512 DPPC and 15,360 water molecules (30
waters/lipid) arranged in a double bilayer configuration in the
presence of DMSO. The initial configuration for the system
consisted of fully hydrated double bilayer containing 128 DPPC
molecules on each leaflet (a total of four leaflets constructed by
stacking an equilibrated single bilayer on top of itself). This
configuration aims to represent an actual cell membrane with the
water layers corresponding to the extra and intracellular domains
of a cell. A short equilibration of 5 ns was performed on the
system prior to the insertion of DMSO. For the purpose of this
study, the composition of DMSO in one of the two water layers
was initially 5 wt.% (92 DMSO in 7584 H2O) (cryopreservation
experiments often employ a concentration of 10 wt.% [33]).
DMSO molecules were randomly inserted into the aqueous
phase; water molecules overlapping with DMSO were removed
as well as any additional ones to obtain the desired DMSO
concentration. Fig. 1 shows a snapshot of the initial double lipid
bilayer configuration in the presence of DMSO.
The force field for DPPC and water are the same as those
employed in a previous study [34]. For DPPC, intramolecular
parameters for bonds, angles, proper dihedral, and improper
dihedral were consistent with previous studies [35,36]. The
Ryckaert–Bellemans potential was used for the torsion potential
of the hydrocarbon chains [37]. Non-bonded interactions were
described by the parameters from Berger et al. [38–40] and
partial atomic charges were obtained from Chiu et al. [41]. The
united-atom representation was used for the methyl/methylene
groups in the alkyl chains of DPPC. For water, the single point
charge (SPC) model was adopted [42]. The force field fromFig. 1. Initial configuration of the double DPPC bilayer. The system contains a
total of 512 DPPC (128 per leaflet), 15,360 water, and 92 DMSO molecules. All
DMSO molecules were initially inserted into one of the aqueous phases. The
colored groups correspond to the DPPC headgroups (blue), lipid tails (gray),
DMSO (red), and water (pink). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)Bordat et al. was used for DMSO [43]. Fig. S1 in the Supporting
Information shows the chemical structures and atomic charges
for DPPC, water, and DMSO.
Steepest-decent energy minimizations were performed on
the lipid systems before starting the simulations. All simulations
were performed in the NPT ensemble, at a temperature and
pressure of 350 K and 1 bar, respectively (see Ref. [34] for more
details on the parameters used in the simulations). Long-range
electrostatic interactions were corrected with the particle-mesh
Ewald method (PME) [44,45]. Periodic boundary conditions
were applied in all directions. Simulations for the double bilayer
systems lasted 95 ns and trajectories were collected every 2 ps.
All simulations were performed with the GROMACS 3.3-beta
software package [46,47] (single-precision mode) in parallel
using Virginia Tech's System X (dual 2.3 GHz Apple Xserve
G5) [48].
3. Results and discussion
The main focus of this study was to obtain a better
understanding of the diffusion process of DMSO through the
bilayer. Simulations of molecular compounds in a single bilayer
are deficient in describing the diffusion process due to
concentration gradients in actual cell membranes because of
the periodic boundaries employed in the simulation, which treat
the systems as being “infinite.” Such approach, although
computationally efficient, makes impossible to differentiate
between the extra and intracellular domains of the membrane.
To overcome this inherent problem, we have used a double
bilayer configuration setup with a transmembrane concentration
gradient (see Fig. 1), mimicking the initial exposure of cell to a
DMSO solution. Simulations for the double bilayer with DMSO
were conducted for 95 ns, which was sufficiently long to
observe several DMSO molecules diffusing through the bilayer
and reaching the intracellular domain.
Although equilibrium of the DMSO concentration across the
transmembrane was not reached for the simulation time
considered, structural properties were analyzed for the double
bilayer to ensure consistency with previous single bilayer
simulations. The initial area per headgroup prior to the insertion
of DMSOwas about 0.67 nm2 and converged to 0.69±0.01 nm2
for the major portion of the 95 ns while DMSO diffused through
the bilayer (see Fig. S2 in the Supporting Information). This
value is consistent with previous simulation reporting an area per
headgroup for single bilayers of 0.68±0.01 nm2 for pure DPPC
at 350 K [34] and 0.712±0.007 nm2 for DPPC containing
8.1 wt.% DMSO at 350 K [20]. Fig. 2 shows the density profile
for the system, including the regions that correspond to the two
bilayers and the two aqueous phases. The location of the peaks
for the nitrogen and phosphorus atoms indicates the interfacial
regions. In the configuration considered, the aqueous phase with
a high DMSO concentration represents the extracellular region
of the cell membrane (aqueous-A), and the one with low
concentration is the intracellular region (aqueous-B). For the
bilayer surfaces next to aqueous-A, there is an accumulation of
DMSO immediately underneath the interfacial region, which
indicates the repulsion of DMSO with the lipid polar groups and
Fig. 2. Density profiles for the various groups in the double bilayer system with
DMSO at 350 K. The density profiles represent the averaging of only the last
10 ns of the simulation. Dot and dash lines are density profiles for phosphorus
and nitrogen atoms, respectively. The density profile for DMSO is plotted
separately in the bottom portion of the graph for clarity. Number in parenthesis is
magnification of profiles. The different regions of the system correspond to
those shown in Fig. 1.
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behavior is consistent with previous observations by Sum and de
Pablo [20]. The order parameter (measure of the bilayer fluidity)
was calculated for each leaflet separately, since one side of each
bilayer was exposed to a high DMSO concentration causing an
anisotropic environment (see Fig. 3). The side with high DMSOFig. 3. Deuterium order parameter for the lipid tails of DPPC in the double
bilayer. The order parameter has been separated for the different leaflets: lipid
tails in the leaflet exposed to the aqueous phase with high (solid line) and low
(dash line) DMSO concentration. The calculation for the order parameter
considers only the last 10 ns of the simulation. Open circles are previous
simulation results for a single DPPC bilayer without DMSO at 350 K [34].concentration refers to the two leaflets that are adjacent to
aqueous-A (see Fig. 1). For the two leaflets with high DMSO
concentration, DMSO affects the structure and ordering of the
interfacial region. In the region where DMSO concentrates
underneath the headgroup, the order parameter is slightly higher
than the system without DMSO, caused by the packing of
DMSO with the first few carbon atoms in the lipid tails. On the
other hand, the order parameter for the carbon atoms closer to the
middle of the bilayer is slightly lower, which is a consequence of
the larger area per headgroup in the presence of DMSO and leads
to greater mobility of the lipid tails end region.
Trajectories for all species were collected over the course of
the simulation. In particular, we monitored the dynamics of all
92 DMSO molecules in order to observe their diffusive path
through the transmembrane and into intracellular region
(aqueous-B). As shown by the density profile in Fig. 2, several
DMSO molecules actually penetrate into the bilayer, mostly
concentrating near the interfacial region underneath the head-
groups. Unlike previous single lipid bilayer simulations [19,20],
the double bilayer is setup with a concentration gradient across
the transmembrane. As the system evolves to equilibrium, the
distribution of DMSO should eventually become uniform
throughout. Although our simulation was insufficiently long
to observe the complete equilibration of DMSO between the
different phases, we obtained significant information about the
diffusion process. After 95 ns, a total of nine DMSO molecules
(about 10%) had completely diffused through the bilayer and
reached aqueous-B. Fig. 4 shows the trajectory for each of the
nine DMSO molecules along the coordinate normal to theFig. 4. Dynamics of the nine DMSO molecules that penetrated and crossed the
bilayer to reach the other aqueous phase (interior of the membrane). The
trajectories represent the position of the sulfur atom of DMSO. Periodic
boundary conditions along the z-coordinate have been removed. The jigged
horizontal lines correspond to the average position of phosphorus atoms along
the interface and are used to identify the boundaries of each phase. Gray areas
denote the bilayer regions (see Fig. 1 for more information). Note that an
additional periodic image of an aqueous phase was added to help to visualize the
trajectory of the DMSO molecules.
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boundary was removed from the trajectories for clarity). DMSO
molecules were initially inserted into aqueous-A (aqueous
phase centered at about zero in Fig. 4). For the purposes of
discussion, this aqueous phase will be considered as the
extracellular region of the membrane. The layers adjacent to the
central aqueous phase (shaded gray area) correspond to the lipid
bilayers, which are then followed by aqueous-B (intracellular
region of the membrane). There are a number of interesting
observations from the DMSO trajectories. DMSO diffuses
freely in the aqueous phase prior to entering the bilayer. The
crossing of DMSO through the interfacial region, either entering
or exiting the bilayer, is a fast process (few picoseconds). Once
inside, the dynamics of DMSO near the interface underneath the
headgroups is very localized. The diffusion of DMSO in the
bilayer from one leaflet to another is a fast but infrequent
process. Much of the behavior of DMSO can be attributed to its
dual character of possessing both hydrophobic and hydrophilic
properties (see Sum and de Pablo for more details [30]).
For the nine DMSO molecules shown in Fig. 4 that diffused
through the transmembrane, they either remained in aqueous-B
or entered the bilayer staying in the vicinity of the headgroups.
None of these molecules diffused back across the transmem-
brane (against the concentration gradient) and returned to
aqueous-A. From a macroscopic perspective, the diffusion of
DMSO across the transmembrane is a passive process [49],
however, from a molecular perspective, the observed process is
an active process because it requires a substantial amount of
energy (both kinetic and potential) to overcome the energy
barrier of crossing the interfacial region and the bilayer core
region [20]. This can be understood from the trajectories for
DMSO (Fig. 4). As discussed in the previous paragraph, the
crossing of DMSO through the interfacial region and from one
leaflet to another is a fast process. This process happens because
DMSO has acquired enough energy to overcome unfavorably
interactions with the polar headgroups and to penetrate the
bilayer. This energy is gained from the detachment of water
hydrogen bonded to DMSO as it passes through the interfacial
region (there are no water molecules in the interior of the
bilayer). Even though the oxygen in DMSO is the hydrophilic
group, it is a hydrogen bond acceptor, and so are all the polar
lipid headgroups. Therefore, there is no opportunity for DMSO
to “bind” to any other groups. On the other hand, the methyl
groups in DMSO,which are hydrophobic, will interact favorably
with the lipid tails. Because DMSO is both hydrophobic and
hydrophilic, it prefers the region underneath the lipid head-
groups, which transitions from the polar groups to the
hydrocarbon segments. A similar explanation can account for
the fast crossing of DMSO inside the bilayer, from one leaflet to
another. In the bilayer core, only the lipid tails, which are
hydrophobic, are present. This is an unfavorable environment
for the polar part of DMSO, thus causing DMSO to quickly
move from one side to another. It is in part for these reasons that
we only observe nine DMSO molecules diffusing through the
entire length of the transmembrane from one aqueous phase to
another. One should note that we disregard the path the nine
DMSO molecules take to reach aqueous-B. In the trajectoriesshown in Fig. 4, DMSO diffuses through both bilayers exposed
to the aqueous phase with a high DMSO concentration.
The double bilayer system was setup with a concentration
gradient across the transmembrane. If we had carried out the
simulations sufficiently long, the distribution of DMSO along the
system would eventually reach equilibrium, that is, the amount of
DMSO in both aqueous phases would be about the same
(equality of chemical potential). However, if after 95 ns only nine
molecules had diffused through, a simulation time of five to ten
times longer would be required until equilibrium. Although
computational resources are currently available for such task, the
simulation would last several months. A more sensible approach
is to use the available information to obtain an estimate of the
behavior of the system as it progresses to equilibrium.
The rate of penetration of a molecule across a membrane is
proportional to the concentration gradient, which can be
described by Fick's Law of Diffusion, and for the presented
purpose has the following form,
dn
dt
¼ KpD
zb
A CB  CAð Þ ¼ KpDzb
n0  n
zB
 n
zA
 
ð1Þ
where n is the amount of DMSO in the aqueous phase, t is the
time, Kp is the partition coefficient of DMSO between the lipid
and aqueous phases, D is the diffusion coefficient of DMSO
through the bilayer, zb is the thickness of the bilayer, A is the
membrane cross-sectional area, C is the concentration of
DMSO in aqueous-A and aqueous-B, n0 is the initial amount
of DMSO, and z is the thickness of aqueous-A and aqueous-B.
Note that the general form of the Fick's Law given above is
based on the assumption that the cross-sectional area of the
bilayer is constant (the average area per headgroup is relatively
constant—see Fig. S2 in the Supporting Information).
The parameters required in Eq. (1) can all be obtained from
our double bilayer simulation, with the exception of the
partition coefficient. Here, the partition coefficient is the ratio
of the concentration of DMSO in the lipid and aqueous phases
at equilibrium. Since the double bilayer system is not at
equilibrium, we estimated the partition coefficient from
simulations of DMSO in a single bilayer system, as the
equilibration is much faster. The details of the single bilayer
system are included as Supporting Information (see Table S1,
Figs. S3–S6). Note that in the single bilayer, the periodicity is
irrelevant in determining the partition coefficient because the
interfaces made by both leaflets are used to determine the
equilibrium properties.
As a way to quantify the permeation of DMSO into the
bilayer, we calculated its partition coefficient between the
aqueous and lipid phases using DPPC-DMSO single bilayer
system (see the Supporting Information). For this analysis, we
defined regions in the system and determined the location of
DMSO molecules relative to those regions throughout the
simulations. These regions, shown in Fig. 5, consist of the
aqueous phase, the interfacial region, and the bilayer core. The
reason for choosing these regions is because the lipid head-
group span over a relatively large volume and it is unclear
where one should define the limits for the boundary between the
Fig. 5. Schematic of the regions in the bilayer system projected onto a lipid molecule. Dash line indicates the boundary between the different regions.
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criteria. The aqueous phase/interfacial region boundary was
defined as the distance to the first minimum of the radial
distribution curve between the lipid phosphorus and DMSO
sulfur atom, which is approximately 0.72 nm (see Fig. S6 in the
Supporting Information). Therefore, a DMSO molecule cen-
tered in the aqueous phase and located 0.72 nm or further from
the lipid phosphorus atom is counted toward the aqueous phase
concentration. At the other end, the interfacial region/bilayer
core boundary is defined as the average position of the C18 and
C37 atoms (see Fig. 5). In this case, a DMSO molecule with z-
coordinate below the average position of C18 or C37 is counted
toward the concentration in the bilayer core. DMSO molecules
found in interfacial region are excluded from this part of the
calculation, since it is ambiguous to which phase they belong.
Using these criteria, the ensemble average number of DMSO in
the aqueous phase and the bilayer core was determined from a
separate single DPPC bilayer containing DMSO. Characteriza-
tion of the bilayer system for this simulation is summarized in
Table S1 in the Supporting Information.
With the results obtained from the single bilayer simulations,
the partition coefficient (Kp) was calculated from the ratio of the
amount of DMSO in the bilayer core and in aqueous phase
based on the following relation,
Kp ¼ CbcCaq ¼
Nbc=zbc
Naq=zaq
ð2Þ
where C is the concentration of DMSO in the bilayer core (bc)
and aqueous phase (aq). Since the cross-sectional area along the
bilayer interface is uniform along all regions, the ratio of
concentrations in Eq. (2) reduces to the number of DMSO
molecules (N) in the bilayer core and aqueous phase divided by
their corresponding thickness (z). Using this information from
the single DPPC bilayer (see Table S1 in the Supporting
Information), we obtained a value of Kp=0.088 for the DMSO/
DPPC bilayer system.
The diffusion coefficient of DMSO was calculated from the
mean-squared displacement of only the nine DMSO molecules
that diffused through the entire length of the bilayer (see Fig.
4). Only those molecules were considered because their
trajectories represent the actual path in the diffusion process,
whereas the molecules that remained in aqueous-A are
excluded from interactions with the bilayer and aqueous-B.
The estimated diffusion coefficient for each of those nineDMSO molecules was calculated from the time each initially
crossed the exterior membrane surface (aqueous-A) until the
time each reached aqueous-B. This procedure yielded an
average diffusion coefficient for the nine DMSO molecules of
3.74±1.00×10−6 cm2/s (large error is mainly due to the wide
range of values). This value is slightly lower than previously
reported diffusion coefficients: 6.1×10−6 cm2/s from NMR
measurements for 1:3 DMSO/water mixtures at 303 K [50],
9.5±0.2×10−6 cm2/s from MD simulations of liquid DMSO
at 298 K [51], and 8.9± .2×10−6 cm2/s from simulation of
DMSO in a DPPC bilayer system at 350 K [30]. It is
interesting to note that the diffusion coefficient obtained for
DMSO is comparable and consistent with other molecules of
similar size and molecular weight, such as that of benzene in
bilayers (1.3–4.6×10−6 cm2/s) [29].
The thicknesses for Eq. (1) were estimated under the
assumption that the average area per headgroup is relatively
constant throughout the simulation (see Fig. S2 in the
Supporting Information). The thicknesses of aqueous-A,
aqueous-B, and bilayer were obtained from the average position
of the phosphorus atoms, which as seen from Fig. 4, can be
easily calculated. The respective values for zb, zB, and zA are
3.29, 3.59, and 3.48 nm.
Having estimated all the required parameters for Eq. (1),
we solved it to predict the diffusion process of DMSO through
the bilayer. Fig. 6 shows the solution of Eq. (1) for the number
of DMSO molecules in the aqueous phase as a function of
time. As expected, at equilibrium there is no concentration
gradient (i.e., the flux of molecules between the aqueous phase
across the bilayer is the same) and the number of DMSO
molecules in each of the aqueous phase will be equal (∼46 for
this particular case). According to the prediction in Fig. 6, the
system would reach equilibrium after about 2000 ns, which is
about 20 times longer than our simulation. We compared these
results with those obtained from our simulation of DMSO in
the double bilayer, in which case, we explicitly know the
number of DMSO molecules at each instant during the
simulation. The inset in Fig. 6 shows the comparison of the
results for the duration of our simulation. At the conclusion of
the simulation after 95 ns, 84 DMSO molecules remained in
aqueous-A, whereas the model predicts that 72 molecules
should be left. This difference of about 13%, even though
significant, gives a reasonable description of the diffusion
process for DMSO. There are, however, several points that
should be noted about the use of Eq. (1) that may be a source
Fig. 6. Predicted DMSO concentration profile in the aqueous phase
corresponding to the exterior of the membrane as calculated from the model
equation and parameters estimated from the simulation results. The inset shows
a comparison between the prediction and actual simulation results (circles) for
the DMSO concentration for the considered simulation time.
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from single bilayer simulations, which may deviate signifi-
cantly from experimental measurements. Second, the diffusion
coefficient for DMSO was calculated from the mean-squared
displacement of the DMSO molecules from the time each
initially entered and exited the transmembrane (from aqueous-
A to aqueous-B). This value may deviate from actual
experimental measurements, however, it is comparable and
consistent with the diffusion coefficient of other molecular
compounds, which is in the order of ∼10−6 cm2/s [29,49].
And finally, the thickness of the various regions of the bilayer
was assumed constant, but fluctuations in the thickness may
affect the permeability of DMSO in the bilayers.
4. Conclusions
In order to properly study the diffusion process of molecular
compounds through a transmembrane in the presence of a
concentration gradient, we have performed a simulation of a
double DPPC bilayer in the presence of DMSO. DMSO was
initially contained in one of the aqueous phases, which
represented the extracellular region of the membrane. After
95 ns of simulation time, several DMSO molecules diffused
through the lipid bilayer, reaching the intracellular region of the
membrane. A large number of DMSO molecules penetrated the
lipid bilayer, most concentrating in the region that transitions
from the polar to the hydrophobic parts of the bilayer. Of those
molecules in the bilayer, only a few actually crossed the lipid
domain from one leaflet to another and eventually out of the
bilayer into the intracellular aqueous phase.
Using the results from the simulation, we estimated the
required parameters to apply Fick's Law in modeling theDMSO profile in the system as a function of time. The
parameters included the partition coefficient of DMSO between
the aqueous and lipid phases, the diffusion coefficient of
DMSO, and the thickness of the bilayer and aqueous phases.
Application of these quantities in the modeling equation
resulted in a reasonable estimate of the DMSO concentration
profile compared with the actual values obtained in the
simulation. The aqueous phase corresponding to the exterior
of the membrane contained initially 92 DMSO molecules, and
after 95 ns, 84 remained in our simulations, whereas the model
predicted that 72 should be left. Part of the deviation between
these values may be attributed to the estimated parameters,
including the partition coefficient, the diffusion coefficient, and
the thickness of the different phases. According to the model,
the system would reach equilibrium in terms of the DMSO
concentration between the two aqueous phases after about
2,000 ns, approximately 20 times longer than the performed
simulation.
The purpose of this study is to demonstrate that one can use
simulations to obtain important information on the diffusional
properties of molecular compounds, and these can be applied
toward drug design for determining partition coefficient, rate of
diffusion/permeation, and understanding the mechanism of
diffusion through biological membranes. Moreover, the careful
analysis of simulation data can yield the necessary parameters
required for modeling of diffusion processes which may not be
readily accessible from other means, such as experimental
measurements.
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